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processes. While many of the pathways and molecular interactions underlying these processes have been established, new paradigms are emerging. For example, the ubiquitous gap junction protein connexin 43 (Cx43) has been reported to have significant influence over cell locomotion and proliferation (4, 16, 20) .
We recently found that a neurovascular disease risk factor, homocysteine, impairs cerebral endothelial wound healing, while increasing Cx43 levels (3). Our observation of this correlation led us to question the extent to which Cx43 modulates endothelial migration. We reasoned that regulation of cytoskeletal dynamics may be involved through a complex with zonula occludens-1 (ZO-1). The carboxyl tail of Cx43 (Cx43-CT) binds the second postsynaptic density/disc-large/ ZO-1 (PDZ2) domain of ZO-1 (11, 14, 29, 31, 32) , which is an actin cytoskeleton binding protein (5, 6, 30, 33) . Previous studies have concluded that disabling the Cx43/ZO-1 interaction with a peptide mimetic of the binding region results in faster skin (10) and corneal wound healing (21, 22) .
In the present study, we hypothesized that Cx43 regulates cellular actin architecture through its interaction with ZO-1 and that this complex is responsible for modulating cell migration in a model of cerebral endothelial wound repair. Our results suggest that non-channel functions of Cx43 exert significant control over cell behavior through an F-actin cytoskeletal tethering function that is necessary for cell spreading and migratory exploration.
MATERIALS AND METHODS
All procedures and safety measures were approved by the Institutional Animal Care and Use Committee of Idaho State University and performed in accord with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All chemicals were purchased from Fisher Scientific (Waltham, MA) unless indicated otherwise.
Cell culture and pharmaceutical treatment. Mouse brain microvascular endothelial cells (bEnd.3; catalog no. CRL-2299, American Type Culture Collection, Manassas, VA) were grown to confluence in 8-well chambered slides or 96-well plates in complete media comprising Dulbecco's modified Eagle's medium high glucose (DMEM-H; catalog no. SH30243.02, Hyclone, Logan, UT) supplemented with 10% bovine calf serum (vol/vol) and penicillin-streptomycin. Cells were maintained in a humidified incubator at 37°C with a 5% CO 2 in air atmosphere. Experiments began at 3 days postconfluence. The Cx43-CT peptide ␣-connexin carboxyl terminal 1 (␣CT1) was dissolved in sterile pure water as a stock solution (30 mM) and stored at Ϫ20°C until dilution to 150 M just prior to use on the day of experiments. The ␣CT1 peptide is a binary construct with an amino terminal (NT) antennapedia cell penetration domain (RQPKIWFPNRRKPWKK) fused to the carboxyl terminal-most 9 amino acids of Cx43 (RPRPDDELI) (14) . In experiments to study the role of myosin 2, cells were treated with either dimethyl sulfoxide (DMSO) as a vehicle control (Ϫ)Ϫblebbistatin (Cayman Chemicals, Ann Arbor, MI), or Y-27632-dihydrochloride (Alexis Biochemicals, San Diego, CA).
Transient knockdown and overexpression of Cx43. One day before transfection, bEnd.3 cells were incubated in Opti-MEM (catalog no. 51985-034, Invitrogen, Carlsbad, CA). Transfection procedures were performed with 0.5 l Lipofectin reagent (catalog no. 18292, Invitrogen) in 100 l Opti-MEM according to the manufacturer's instructions. Small interfering RNA (siRNA; 250 nM) targeting the mouse Cx43 gene Gja 1 (sequence: 5=-UGUUCUAUGUGAUGAGAAATT-3=) (catalog no. 4390771, Invitrogen) was used to knock down levels of Cx43 and the nontargeting siRNA (catalog no. 4390846, Invitrogen) was used as a negative control. To overexpress Cx43, 2 g of DNA was used to transfect the cells. The largest effective period for Cx43 knockdown and overexpression was between 1-3 and 2-4 days posttransfection, respectively. Transfection experiments were timed so that cells were studied during these windows.
Transfection of ZO-1. ZO-1 was overexpressed with the PDZ2 domain intact (ZO-1/PDZ2int) and deleted (ZO-1/PDZ2del), respectively (15) . The protocol was similar to that described above, except the dose and time course. A total of 1.2 g of DNA was used to transfect the cells, and the optimal time window was at 5-7 days.
In-cell ELISA. In-cell ELISAs were performed in 96-well plates as previously described (1, 2, 19) . Anti-Cx43 primary antibody (catalog no. C6219, Sigma-Aldrich, St. Louis, MO) was used at a dilution of 1:5,000 at 4°C overnight. The absorbance of blue phosphatase substrate (KPL, Gaithersburg, MO) was quantified at a wavelength of 620 nm using a plate reader (Synergy HT, BioTek Instruments, Winooski, VT).
Immunocytochemistry. Cells were fixed in 4% paraformaldehyde (PFA) at room temperature for 15 min. Immunodetection followed standard procedures. Nuclei were stained with 10 ng/ml Hoechst 33258 (catalog no. 861405, Sigma-Aldrich) at room temperature for 5 min. Anti-Cx43 primary antibody was used at a dilution of 1:2,000. Anti-␤ tubulin primary antibody was used at a dilution of 1:1,000 (catalog no. T8328, Sigma-Aldrich). Phalloidin (catalog no. A12381, Molecular Probes, Grand Island, NY) was used at a dilution of 1:1,000 at 4°C overnight. Donkey anti-rabbit secondary antibody conjugated to AlexaFluor-488 (catalog no. A21206, Invitrogen, Eugene, OR) was used at a dilution of 1:500 at 4°C overnight. Images were acquired using a confocal microscope and Fluoview 4.0 software (FV100, Olympus Imaging America, Center Valley, PA).
Wound repair assays. Wound repair assays were performed using an in vitro scrape model. The cells were seeded in 96-well plates and studied 3 days postconfluence. Cells were removed ("scraped") using a sterile 200 l pipette tip by drawing the tip across the middle of each well through the center. Cells were rinsed with warm minimal essential medium (MEM; catalog no. SH30235.02, Hyclone) three times to remove scraped and loosened cells followed by incubation in DMEM-H with control and ␣CT1 treatments. The DMEM-H with treatments were replaced every 24 h. Three days after wounding, the cells were fixed by 4% PFA at room temperature and wounds were scored 0 (open) or 1 (closed) at 5 evenly spaced regions along each wound and averaged as a single measurement for each well. For time-lapse confocal microscopy of closing wounds, the cells were seeded in 8-well chambered coverslips. Cells were scraped using a sterile 10 l pipette tip. Subsequent steps were performed as described above. Twenty-four hours after wounding, the slides were plated in a stage-top incubator (Tokai Hit, Japan) on the confocal microscope and differential interference contrast (DIC) images were recorded every 15 min for 16 h at 3 different fields of view of leading edges per well. The image capture was controlled by the Fluoview software (version 4.0). The wound closure rate was quantified from the growth area, using ImageJ software (28) , divided by the respective time period.
Locomotion assays. Cell locomotion was assessed by plating cells at 10% confluence in 8-well chambered slides in the late afternoon. The following morning, transfection procedures were carried out as described above. For time-lapse microscopy, the slides were placed in the stage-top incubator as described above and DIC images were recorded every 20 min for 16 h at 6 different fields of view per well. The time-lapse DIC images were analyzed to track each single cell using MetaMorph software. Average speed was defined as the tracking distance divided by the time period. Net speed was defined as the distance between initial and terminal positions divided by the time period. Directionality was then calculated by net speed divided by average speed; a value of one means that the cell moved in a straight line.
Cell proliferation assays. Cell proliferation was assessed by plating cells at 25% confluence in 96-well plates in the late afternoon. The following morning, designated as time zero, any nonviable and nonadherent cells were removed with a media change and a random subset of wells were fixed (4% PFA) to define the baseline number of viable cells in the assay. After 72 h, cells in all conditions were fixed. Nuclei were stained with Hoechst 33258. Cell number was quantified by counting the number of cells in 5 microscope fields of view per well (ϫ10 objective) and averaged as a single measurement for each well. Proliferation was defined as the increase in the number of cells: mean count minus mean count at day zero.
Statistical analyses. Alpha was set at 0.05 for statistical significance. One-way or two-way ANOVA (Tukey post hoc test) was used to compare groups using computer software programs (SPSS, IBM, Armonk, NY; SAS, Cary, NC). Data are presented as means Ϯ standard error of the mean.
RESULTS
Manipulating levels of Cx43. As shown in Fig. 1 , Cx43 levels were effectively decreased and increased by transfection procedures using Lipofectin and siRNA, mock, or DNA as described in MATERIALS AND METHODS. The result was cell populations with a range of ϳ60% to ϳ120% Cx43 levels compared with mock-transfected cells (P Ͻ 0.05). This was quantified by ELISA (Fig. 1C) and is illustrated by immunocytochemistry (Fig. 1B) .
Cx43 regulates wound healing through ZO-1 binding. Wound repair rate was inversely related to the level of Cx43 (Fig. 2) . Disrupting the interaction between Cx43 and ZO-1, using the peptide ␣CT1, enhanced wound healing in control (mock transfected) and overexpressing cells. Cx43 reduces cell locomotion and directionality through ZO-1 binding. Locomotion of dispersed cells was studied to better understand the wound healing process. Given that wound healing requires efficient directional movement into the wound area, and may involve gap junction-based cell-cell communication to coordinate motility, we questioned the extent to which the regulatory complex of Cx43 and ZO-1 operated on the single cell level, absent cell-cell contact. We quantified cell movement as average speed (total distance moved per unit time), net speed (net distance moved per unit time), and directionality (linearity of movement). A cell that moved quickly in one direction will have high values for all three whereas a cell moving in circles may have any average speed but will have low net speed and low directionality. Figure 3A shows that overexpression of Cx43 reduced the average speed and that disrupting Cx43/ZO-1 interaction fully rescued the impairment. Net speed (Fig. 3B) and directionality (Fig. 3C) were improved by siRNA knockdown of Cx43 and impaired by progressively higher levels of Cx43. Disrupting Cx43/ZO-1 enhanced net speed and directionality of control cells (mock transfection) and of cells overexpressing Cx43.
Cx43 regulates proliferation through ZO-1 binding. In addition to motility, wound healing requires cell proliferation. Next, we tested the hypothesis that Cx43 contributes to the regulation of endothelial cell proliferation via interaction with ZO-1. As shown in Fig. 4 , the extent of proliferation was a function of the level of Cx43. Higher Cx43 levels produced less proliferation and vice versa. Moreover, disrupting the Cx43/ZO-1 complex enhanced proliferation at all levels of Cx43.
Cx43 modulates F-actin architecture through ZO-1 binding. ZO-1 links Cx43 to the actin cytoskeleton. Next, we addressed whether this link provides a mechanism for controlling F-actin architecture. Figure 5 shows representative wound edges labeled with fluorescent phalloidin in each of the conditions studied. The density of F-actin staining was inversely propor- tional to the level of Cx43. In addition, the density of F-actin punctae or large nodes in cells of the leading edge also declined with increasing levels of Cx43. Disrupting the Cx43/ZO-1 complex resulted in loss of the F-actin skeleton independent of Cx43 level, leaving behind F-actin-deficient pockets. Consistent with these relations, Cx43/ZO-1 complexes were localized along F-actin strands but not at nodes (Fig. 6A) . We did not observe gross alterations of microtubule structure after disrupting the Cx43/ZO-1 complex (Fig. 6B) . Myosin 2 contraction participates in F-actin architectural integrity and partially masks the relative importance of Cx43/ ZO-1/F-actin tethering. When the contraction of myosin 2 was inhibited with either blebbistatin or Y-27632, there was a moderate decrement of structural normalcy in F-actin morphology (Fig. 7) . But, when these treatments were combined with Cx43/ZO-1 uncoupling, cells lost protrusive competency with collapse of the F-actin cytoskeletal structure and cell-cell separation throughout the leading edge cells (Fig. 7) .
Binding of Cx43 at the PDZ2 domain of ZO-1 regulates wound healing. ␣CT1 is a class II PDZ binding motif, exhibiting a consensus CT amino acid sequence of Hydrophobic-XHydrophobic (14, 24) . It thus cannot be excluded that ␣CT1 may bind PDZ domains on proteins other than that on ZO-1 that have affinity for PDZ binding ligands of this class. To address the issue of whether the PDZ2 domain of ZO-1 was specifically determining our results, we directly overexpressed a previously characterized mutant ZO-1 in which the Cx43-binding PDZ2 domain is deleted (15) in our endothelial scratch-wound models and compared the cell behaviors to cells transfected with overexpressed full-length ZO-1. Results from the experiments with the ZO-1 PDZ2 deletion mutant confirmed those testing ␣CT1 (Fig. 8) . When the nonbinding form of ZO-1 was overexpressed, wound healing was accelerated compared with overexpression of a ZO-1 with an intact PDZ2 domain. These results are consistent with both knockdown of Cx43 expression (siRNA) and with the application of ␣CT1. 
DISCUSSION
The gap junction protein Cx43 is one of the most ubiquitously expressed connexins. The Cx43/ZO-1 complex regulates the size, structure, and stability of gap junctions (26) . Here, we report our discovery of another essential function of the Cx43/ZO-1 complex, regulation of F-actin cytoskeletal architecture and cellular migration in wounded endothelium. This study provides the first evidence that cerebral endothelial cell wound healing (Fig. 2) , directionality of locomotion (Fig. 3), and proliferation (Fig. 4) are regulated, in part, through interactions between Cx43 and ZO-1. From the results of experiments in which we blocked Cx43/ZO-1 interaction with a mimetic peptide (Figs. 5-7 ) and additional experiments (Fig. 8) overexpressing a mutant ZO-1 that lacks the Cx43-binding PDZ2 domain, we concluded that this complex was specific and necessary for the regulation of wound healing of cerebral endothelium in our in vitro assay system. Actin microfilaments are essential in forming protrusive structures such as lamellipodia and filopodia in migrating cells. When the Cx43/ZO-1 complex was disrupted, either directly by using the peptide ␣CT1 or by overexpressing a mutant form of ZO-1 that does not bind Cx43, much of the F-actin structure was lost and became dominated by large nodes (Figs. 5 and 8 ). These nodes are reminiscent of the actin "spots" first described as dynamic actin assemblies of the cortical actin cytoskeleton (27) . More recently, the Bershadsky lab has identified actin nodes that are revealed when cells are treated with actin depolymerizing agents and the nodes move and enlarge through the contraction of myosin 2 (18) . In endothelial cells, myosin 2 plays several roles that are relevant to our results. For example, myosin 2 is important for cell-cell adhesion through adherens junctions (13) . Inhibiting myosin 2 activity resulted in some contact disruption and primed the cells by placing them in a compromised state. Disconnecting ZO-1 from Cx43 then resulted in gross absence of spreading cell fronts of migration, which is consistent with the roles of both myosin 2 and F-actin in cell spreading during migration. These nodes are not sights of Cx43/ZO-1 tethering (Fig. 6 ) and remain to be fully characterized.
Channel-dependent effects of Cx43 require the formation of gap junctions or functional hemichannels. Gap junction intercellular communication (GJIC) may play an important role in the collective migration of cells as a cohesive group during embryonic morphogenesis, wound healing, and cancer invasion (7) . For example, cultured adrenocortical cells transfected with Cx43-green fluorescent protein were shown to use GJIC for collective migration in a wound healing assay (7) . Additionally, heterocellular coupling of gap junctions via Cx43 between glioma cells and astrocytes regulated glioma cell invasion and migration in brain parenchymal tissue (25) . In timelapse experiments, we studied individual cells that had no contact sites with other cells, and therefore no GJIC. Doing so, we were able to demonstrate that GJIC was not required for control of cellular migration by Cx43 (Fig. 3) . In light of our previous results showing an elevation in Cx43 levels (3) and a disruption of endothelial F-actin orientation (19a) , after treatment with the neurovascular disease risk factor homocysteine, the Cx43/ZO-1 complex may be involved in the impaired angiogenesis in hyperhomocysteinemia (23) . Moreover, the results of our experiments indicate a dominant role for the Cx43/ ZO-1 complex in dictating whether cell locomotion will be more linear vs. exploratory. Specifically, ␣CT1 enhanced the linearity, and thus the net speed, of migration that likely contributed to the faster wound healing we observed in scrape-wounded monolayers when Cx43 binding to ZO-1 was inhibited. When Cx43 levels were low, ␣CT1 did not significantly affect average cell speed (Fig. 3A) .
Microtubules are 1) necessary for directed movement of large cells like fibroblasts and endothelial cells (12) , 2) important for maximal migration speeds (17) , and 3) responsible for linearizing the direction of cell movement (8). We did not, however, find significant alterations in the gross architecture of the microtubule cytoskeleton in these studies (Fig. 6B) . Moreover, interaction between microtubules and F-actin is critical for turning of neurites during outgrowth such that disrupting their interaction inhibits turning of growth cones (reviewed in ref. 9). Consistent with this background, our results provide evidence that ␣CT1 untethers the F-actin cytoskeleton from a Cx43 anchor, resulting in reduced spreading and exploration of the cell migratory front that leads to linearized movement based, most likely, on the underlying microtubule network polarity.
Wound healing requires both cell migration and proliferation. The rate of cell proliferation was inversely proportional to levels of Cx43, which is consistent with previous findings in corneal endothelium [7] . The Cx43/ZO-1 complex plays a significant role in proliferation of cerebral endothelial cells because disrupting this complex rescued proliferation at any level of Cx43 expression tested. The present study focused on cytoskeletal elements during cell migration. It could be hypothesized that Cx43/ZO-1 altered the mechanical kinetics of cell division at the level of the cytoskeleton. Our results do not preclude a role for Cx43/ZO-1 on cell cycle progression by modulating the relevant signaling pathways (e.g., cyclin-coupled pathways).
Collectively, these results demonstrate that a level of intraand intercellular cytoskeletal cohesion exists for which the Cx43/ZO-1 complex is necessary. When we push the system by knocking down another important level of cell-cell coupling and cell edge spreading cohesion, inhibiting myosin 2 contractile function, the cell edges collapse away from cell-cell junctions and fail to develop spreading migration fronts. On some level this appears to be useful for the endothelium because ␣CT1 improves wound healing. Our data show that these endothelial cells migrate in a more linear pattern under the influence of ␣CT1 and that ␣CT1 has a negligible effect on locomotor speed per se because single cells without ␣CT1 treatment migrate in more tortuous or even circular patterns relative to straighter lines of travel when treated with ␣CT1. So, there is some link between this cytoskeletal cohesiveness and locomotor direction that our data support. We might next hypothesize that the cells are exploratory when wounded, but loss of cellular cohesive structures causes a default to reliance on unidirectional migration that is more resistant to change, probably established by the underlying cell polarity and microtubule dynamics. Collectively, these results support the idea that Cx43/ZO-1 is a key tethering protein complex for the F-actin cytoskeleton that is required for coordinated protrusive spreading, turning, and exploratory migration.
